Abstract In spontaneously hypertensive and normal control rats in the conscious state, blood flow was observed in the carotid artery, superior mesenteric artery, renal artery, and terminal aorta with a chronically implanted electromagnetic flow probe. At rest, flow per body weight was not different between the two groups except at the terminal aorta where it was significantly smaller in hypertensive rats (P<0.05).
Arterial pressure is the product of total peripheral resistance and cardiac output, but most hypertensive states are ascribable to an increase in total peripheral resistance rather than cardiac output (FREIS, 1960; OLMSTED and PAGE, 1965) . Total peripheral resistance in turn is the harmonic sum of all parallel coupled regional vascular resistances (GREEN, 1950) . Measurement of regional blood flow in a hypertensive rat in comparison with a suitable control would furnish information regarding the importance of regional vascular resistance in hypertension. Since most anesthetics greatly interfere with hemodynamics of hypertensive animals, such measurement should preferably be made in the conscious state. Electromagnetic flowmetry with chronically implantable probes is especially suited for this purpose, because blood flow can be continuously observed in rats behaving almost normally in their habitat. By this method, in the present study, regional flows in the carotid, superior mesenteric, and renal arteries as well as the terminal aorta supplying the hindquarters were observed in spontaneously hypertensive rats (OKAMOTO and AOKI, 1963) and normotensive control rats. Flow rates per body weight at rest and in the excited state induced by transposing the rat to a new habitat (transposition response; IRIUCHIJIMA et al., 1980) were compared between the two groups. Elevation of regional vascular resistance in hypertensive rats was found to be not uniform but most marked in the hindquarter area.
METHODS
Spontaneously hypertensive rats (SHR) (OKAMOTO and AOKI, 1963) used in the present study were either inbred offspring from those donated from the rat colony of the Shimane Medical College or those obtained from a commercial source. Normotensive control rats (NCR) were Wistar Kyoto rats (WKY) from the Shimane Medical College and usual Wistar rats from the same commercial source. All of the rats were 10-20 week-old males.
Rats were anesthetized by an intraperitoneal injection of 50 mg/kg of thiamylal sodium. A Nihon Kohden electromagnetic flow probe was implanted around the left common carotid artery (diameter of probe: 1 or 1.5 mm), superior mesenteric artery (1 or 1.5 mm), left renal artery (0.8 or 1 mm), or terminal aorta (1.5, 2, or 2.5 mm) above the iliac bifurcation. The common carotid artery was reached by a median incision in the ventral neck and the latter three arteries were reached retroperitoneally by a flank incision. The lead wires from the probe were passed under the skin, led to the dorsal neck and there exteriorized. Flow recording was performed by connecting the plug at the end of the wires to the cable from the flowmeter circuit (Nikon Kohden MFV-1100). Flow probes were calibrated before implantation by passing a known amount of 0.9 % saline through excised arteries. After implantating a probe the point of zero flow was defined either by stopping the heart for a while reflexively by digital compression on the bilateral eyeballs for the terminal aorta or by momentarily occluding the artery by digital compression directly applied on the artery through the skin for the other arteries. Flow signal was smoothed out with a CR integrating circuit with a time constant of 0.3 sec to obtain the mean flow. In most experiments instantaneous flow was also recorded in parallel with the mean flow to check occasional artifacts. Flow was normalized to 100 g of body weight.
Rats implanted with a flow probe were housed individually in a white polyethylene cage measuring approximately 35>< 30 x 17 (depth) cm. Water and pellets were given ad libitum. The floor of the cage was covered with wood chips. Flow recording was started three days after the operation.
As a method to excite the neurohumoral control mechanism of circulation, transposition response was induced by transposing the rats from their home cage to a new cage made of white polyethylene measuring 30 x 20>< 13 cm and without chips.
In some rats with a probe around an artery other than the terminal aorta, arterial pressure was measured simultaneously with flow by means of an indwelling catheter inserted from a femoral artery to the terminal aorta.
RESULTS
The record reproduced in Fig. 1 shows a successive change in hindquarter flow measured at the terminal aorta in an SHR over a period of about 4 min. At first, to the left in the figure near the letter M, the rat was moving in the home cage. At L it lay down spontaneously and thereafter remained rather quiet until G. The hindquarter flow was much less while the rat was lying quietly than while it was moving. At H it raised his head for a while, which was accompanied by a brief increase in the hindquarter flow.
At G the rat was grasped by the experimenter's hand and then released to a new cage at T to induce transposition response.
The rat was grasped again at G' and returned to the home cage at B.
A relatively steady flow level as that observed before G in Fig. 1 was noted as the resting flow.
In each rat several resting flow values were measured and averaged to obtain the value representing the particular rat. The flow level during transposition response, such as that marked immediately before G' in Fig. 1 , was also measured several times for each rat and averaged. The same procedure was also followed for flows in the other three arteries at rest as well as during transposition response. Figure 2 represents one example of flow recording in the superior mesenteric artery. In this rat, mean arterial pressure was also recorded. The flow was briefly diminished when the rat swayed its body for a while near the time marked S in the figure. A slight, brief elevation of arterial pressure was recorded a little later than the flow decrease. When the rat was grasped for transposition at G, the flow decreased and the pressure increased markedly. On release to a new cage at T the flow recovered slightly to a new plateau level which was still much lower than the level before grasping. This flow level was noted as that during the transposition response. During the response arterial pressure remained elevated over the control resting level, although less markedly than while it was being grasped.
The means with S.D. of resting flows in the four arteries from several SHR and NCR are compared in Table 1 . The hindquarter flow per body weight was significantly smaller in SHR than in NCR (P<0.05). Eleven NCR in which hindquarter flow was measured consisted of 7 WKY and 4 usual Wistar rats. The mean±S.D. from 7 WKY was 6.05± 1.38 ml/min/100 g. In comparison to this also, the flow in SHR was significantly smaller at P<0.05.
In the other three arteries the flow at rest per body weight did not differ significantly between the groups. The figure on the bottom line in each column in Table 1 represents the sum of the means of flow after doubling those of the renal and carotid arteries where flow measurement was performed at one of the bilateral Japanese Journal of Physiology   Fig, 2 . Simultaneous recording of arterial pressure (AP) and superior mesenteric flow (SMF) in an SHR. The rat swayed its body at around S. It was grasped at G and transposed to a new cage at T to induce transposition response. Flow here was greatly diminished during transposition response. The rat was grasped again at G' and brought back to the home cage at B. arteries. Henceforth, this value will be referred to as the sum of the mean flows. The sums of the mean flows were similar in both groups (16.8 ml/min/100 g in SHR vs. 16.9 in NCR), which suggests that cardiac index was similar (see below).
In Table 2 are tabulated the mean with S.D. of changes in flows in transposition response in comparison with the preceding resting flow level. The increase in hindquarter flow was significantly (P<0.01) greater in SHR than NCR. Thus, the hindquarter flow, although it was smaller in SHR than in NCR at rest, was comparable during transposition response. In the other arteries the flow change in the response was not significantly different between the groups. Therefore, there was no significant difference between SHR and NCR in flow distribution during the transposition response. The sum of the mean flow changes in the response (bottom line, Table 2 ) was greater in SHR, which suggests that the increase in cardiac index was greater.
DISCUSSION
The sum of the mean flows was bout 17 ml/min/100 g for both SHR and NCR. In a previous study it was found that cardiac index was about 22 ml/min/ 100 g in NCR (IRIUCHIJIMA et al., 1980) . From these two figures it is estimated that in total about 80 % of cardiac output was under observation by measuring peripheral flows at the four arteries, although flow was measured in only one of the four arteries in each individual rat.
Regional contribution to hypertension. In SHR whose arterial pressure was higher than in NCR, regional blood flow was either smaller (in the hindquarter area) or similar (in the other areas). This indicates that peripheral resistance was higher in SHR than NCR in all the areas where flow was measured in the present study, but the extent of the elevation of regional resistance was different. To answer the question which regional vascular area is to what extent responsible for the increase in total peripheral resistance in hypertension in SHR, the following mathematical treatment was carried out.
It was shown in a previous paper (IRIuCHIJIMA et al., 1969) that the degree of participation of one regional vascular area in a reflex change in arterial pressure Vol. 33, No. 1, 1983 can be quantified by two indices:
a=(4r/r)/(4R/R) and 8=zIg/4G, where r is peripheral resistance of the particular region, R total peripheral resistance, g peripheral conductance or inverse of r, G total conductance or inverse of R, and 4 refers to the change in reflex. These two indices seem to be useful in the study of hypertension also, treating the transition from the normotensive state to the hypertensive state analogously to that from the state before reflex to the state during reflex. Then 4 refers to the difference from normal animal to hypertensive animal (IRIucHIJIMA, 1982) . The a and j9 indices calculated from the data presented in Table 1 for the four vascular regions are tabulated in Table 3 . In the calculation it was assumed that mean arterial pressure was 160 mmHg in SHR and 110 mmHg in NCR and that cardiac index was 22 ml/min/100 g body weight for both groups. These figures were rounded from those actually measured in a previous work (IRIucHIJIMA et al., 1980; TADA et al., 1981) .
From the a indices it is seen that the elevation of peripheral resistance was most intense in the hindquarter area. It was average in the kidney and below average in the mesenteric and carotid areas. The reason for this regional difference in elevation of resistance in SHR is at present unknown.
On the other hand the j3 indices reveal that the hindquarter area contributed about 40 % of the total conductance change. This suggests the importance of the elevation of resistance in muscle blood vessels in hypertension of SHR. The contribution from the superior mesenteric area was also sizable, about 15 %, despite the fact that the elevation in resistance in this area was qualitatively below average, as shown by the a index being less than unity. Needless to say, this was due to the large flow in this area. The contribution from the bilateral kidneys was also about 15%.
Distribution of cardiac output in conscious SHR has been studied by the method of injection of radioactive microspheres (TOBIA et al., 1974; NISHIYAMA et al., 1976; FERRONE et al., 1979) . Contrary to us they have observed or at least concluded, by and large, an almost unaltered distribution of cardiac output, i, e. Japanese Journal of Physiology a uniform elevation of regional vascular resistances. However, in the excited state of the rat during transposition response, we observed a relatively uniform elevation of regional vascular resistances in SHR compared with NCR, as seen from the a indices being nearly unity in all regions (Table 4 ). It is possible that, when radioactive microspheres are injected, the rat is not so relaxed as when flow is being measured with the electromagnetic flowmeter.
In rats with one-clip, one-kidney renovascular hypertension, by a radioactive particle distribution technique under light ether anesthesia, FLOHR et al. (1976) have observed an increase in vascular resistance in skeletal muscle to be higher than that of total peripheral resistance, as we did in SHR. However, such a special involvement of skeletal muscle blood vessels was not observed by BRALET et al. (1973) in conscious two-clip renovascular and collodion hypertensive rats by the 86Rb distribution method . Even the former authors did not observe a more than average increase in vascular resistance in skeletal muscle but in the splanchnic area in one-clip, two-kidney hypertensive rats. Previously, in SHR under pentobarbital anesthesia, we were unable to observe any sign which can be related to the present finding of special involvement of skeletal muscle vasculature in hypertension . This is another evidence how profoundly anesthesia and subsequent laparotomy interfere with the hemodynamic state of a hypertensive animal. So far the muscle vasculature has been believed to be less important in hypertension (BROD,1960; BROD et a!.,1962; PICKERING, 1968; ZIMMERMAN et al., 1969) . This is strange because even at rest about a third of cardiac output must be drained by skeletal muscle vasculature. A serious hypertension would be impossible without involvement of this area.
Transposition response in SHR. Transposition response is an isopressor response in NCR and a pressor response in SHR (IRIUCHIJIMA et al., 1980; TADA et al., 1981) . Since this is a remarkable difference, an attempt was made in the present study to elucidate the responsible mechanism. As in Table 2 , the increment in hindquarter flow in the response was significantly greater in SHR than NCR. The sum of the mean flow changes in the response was also larger in SHR, suggesting a larger increment in cardiac output. The percent increase in the sum of the mean flows in the response was about 16% in NCR and about 25 % in SHR. Cardiac output may be considered to increase by similar percentage in both rat groups. In a previous study it was observed that arterial pressure increased by about 12.5% from about 160 mmHg to about 180 mmHg in SHR in transposition Vol. 33, No. 1, 1983 response (TADA et al., 1981) . The percent change of the composite resistance in all the areas where flow measurement was made, which is considered to be similar to the percent change of total peripheral resistance, was calculated to be about 10% in SHR and about -14 % in NCR, assuming that tansposition response is an isopressor response in NCR with arterial pressure unchanged at 110 mmHg and a pressor response from 160 to 180 mmHg in SHR. Since arterial pressure is the product of cardiac output and total peripheral resistance, a percent change of arterial pressure is approximately the sum of the percent change of cardiac output and that of total peripheral resistance, because P=QR, P+4P=(Q+d Q) (R+4R), and d P/P ~ 4Q/Q+4R/R,
where P is arterial pressure, Q cardiac output, and R total peripheral resistance. The percent changes obtained above are tabulated in Table 5 . They are largely consistent with Eq. (1). From Table 5 it is also seen that the pressor transposition response in SHR in contrast to the isopressor one in NCR is due for the major part to a greater increase in cardiac output and for the minor part to a lesser decrease in total peripheral resistance in the former. Tabulated in Table 6 are the changes in regional peripheral resistance in transposition response in SHR and NCR, calculated from the mean values in Tables  1 and 2 , utilizing the same assumed values for arterial pressure as above. This table suggests that the increase in peripheral resistance in the response was greater in SHR than in NCR except in the hindquarter area supplied by the terminal aorta. Table 5 . Assumed or estimated percent changes in arterial pressure (P), cardiac output (Q), and total peripheral resistance (R) in transposition response. Table 6 . Changes of regional peripheral resistances (in (ml/min/100 g)/mmHg) in transposition response calculated from the mean values in Tables 1 and 2. A greater release of catecholamines from the adrenal medulla and a greater increase in cardiac sympathetic and sympathetic vasoconstrictor discharges in transposition response as well as a greater change of cardiac contractility and vascular resistance and capacitance to a given neurohumoral change in SHR compared with NCR may be among the possible causes that the transposition response is a pressor response in SHR, while it is an isopressor response in NCR. Considering the larger part played by the increase in cardiac output rather than that inn peripheral resistance, a possible difference in capacitance section between NCR and SHR may be worthy of special note. However, the marked increase in cardiac output in transposition response in SHR may be a secondary effect of the above stated marked increase in peripheral resistance in the splanchnic area, if this area is one of the main components of the slow-time constant area as postulated by CALDINI et al. (1974) , which drains a large amount of blood to the systemic circulation on infusion of adrenaline. It has been shown that the major component of transposition response is splanchnic vasoconstriction and muscle vasodilatation induced by adrenaline release from the adrenal medulla (IRIucHIJIMA et a!., 1982) .
